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Abstract 
  The trends and various interannual variability components in the tropical tropopause layer (TTL) over the 
tropics (15oS-15oN) were examined by employing upper air data from GPS radio occultation (RO), radiosondes 
(IGRA, RICH, and HadAT2), and ERA-Interim during the period 2001-2010. The detection capability of the GPS 
RO, though with limited data coverage, has been shown in previous studies. A detailed analysis of the warming 
observed in the TTL from 2001 to 2010 using both standard linear and multiple regressions is carried out. The 
temperature trends estimated using standard linear regression analysis (with only constant and linear trend terms) 
reveals a strong warming of about 0.5-1.5 K/decade in the TTL in each dataset during 2001-2010. This strong 
warming in the TTL is not explained by the global warming. The contribution from various interannual variability 
components such as quasi-biennial oscillation (QBO), El Niño southern oscillation (ENSO), and stratospheric 
aerosol optical depth (AOD) is separated using multiple regression analysis techniques. We performed two types 
of multiple regression analysis that do not consider and that consider seasonal modulation of the interannual 
components. The distinct warming in the TTL is found to be partly associated with the minor volcanic eruptions 
during the first decade of the 21st century. Positive and significant AOD responses to the temperatures of about 
0.1-0.2 K are observed in the TTL region, explaining about 5% to 15% of the total variance during 2001-2010. 
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1. Introduction 
GPS radio occultation (RO) measurements are 
independent and calibration free, and they provide 
high-quality observations to monitor the TTL with global 
coverage and essentially all-weather capability and 
consistency [Kussinski et al., 1997]. The climate utility of 
GPS RO has been demonstrated in several earlier studies and 
more recently Steiner et al. [2009] observed that even short 
GPS RO records show tropospheric warming and 
stratospheric cooling, and pointed out the capability of GPS 
RO to become the future climate benchmark, reported 
warming in the tropical tropopause region for the period 
February 1997-2008. Recently, an increased amount of 
stratospheric aerosol due to minor volcanic eruptions was 
observed about 17-21 km during the first decade of the 21st 
century [see Vernier et al., 2010], which might have had 
some influence on this stronger warming from 2001 to 2010. 
The central objective is to discuss the impact of minor 
volcanic eruptions on the distinct stronger warming observed 
in the TTL during the period 2001-2010.  
 
2. Methods 
  To isolate and extract each specific signal quantitatively so 
as to estimate trends, a simple multiple regression analysis 
was applied to the smoothed temperature anomalies ( ) of 
GPS RO, adjusted and unadjusted radiosondes and 
ERA-Interim at each altitude and pressure level, which can 
be expressed as [Randel and Cobb, 1994]: 
 
 
 
 where t is the month index (t=1,2,…,112, for September 
2001 to December 2010),  is the constant term,  is 
the linear trend, and , , and  are regression 
coefficients for QBO, ENSO, and AOD, respectively. The 
term denotes the residual time series, representing the 
regression error, whereas  and  are the time lags of 
the temperatures at given altitude or pressure levels with the 
QBO and ENSO, respectively. In this study, we do two types 
of regression analysis by using equation (1); for the first type 
of regression, the coefficients , , , , and  
are treated as the constants (method-1 hereafter), and for the 
second type, these coefficients ( ) are allowed for the 
seasonal modulation (time-dependent)  given  by  a 
constant ( ) plus annual (12-month), semi-annual 
(6-month), and quarterly (4-month) expressed in the form  
 
,where 
 (method-2 hereafter).  
 
CEReS, Chiba University 
RISH, Kyoto University SOMIRES2013-231th RISH
21 Copyright © 2013 by CEReS
  
3. Results and Discussion 
  We applied the standard linear regression method, 
regression method-1, and method-2 to the  at pressure 
levels (altitudes) up to 30 hPa (25 km), and the annual mean 
temperature trends along with standard errors at 2-sigma 
level (95% confidence interval) were estimated in each 
dataset over September 2001-December 2010, as shown in 
Figure 1.  
 
Fig. 1 Altitude profile of temperature trends 
 
  The temperature trends from unadjusted radiosonde 
(IGRA5 and IGRA25) and GPS RO data while those from 
adjusted radiosonde (RICH and HadAT2) and ERA-Interim 
data are plotted separately, to avoid clumsiness due to their 
different vertical resolutions. Estimation of the trend using 
standard linear regression (Figure 1a), in fact, allows 
contribution from the potential interannual variability 
components in the troposphere and stratosphere besides the 
contributions from the anthropogenic variability. Each 
dataset, except for GPS RO, shows an insignificant warming 
trend in the troposphere up to 15 km and insignificant 
cooling above 20 km. There is a distinct and significantly 
strong warming layer in the TTL between 16 and 19 km 
(100-70 hPa), with a maxima at about 18 km in each dataset 
during the period 2001-2010. A comparison of Figures 1a 
and 1b reveals that the error bar becomes smaller due to 
better regression fits using method-1 when compared with 
standard linear regression. Between 16 and 19 km, the 
change in the temperature trends estimated with (Figure 1b) 
and without (Figure 1a) considering the QBO and ENSO are 
within statistical reliability. The temperature trend between 
16 and 19 km from GPS RO and unadjusted data is about 
0.84±0.39 K/decade and that from adjusted data is 
(0.52±0.37) K/decade after removal of the QBO and ENSO 
using method-1.  
  We further removed the seasonal dependence of the QBO 
and ENSO, if any, while using regression method-2 and 
estimated the temperature trends in each dataset over the 
period 2001-2010, as shown in Figure 1c. Figure 1c shows 
overall tropospheric warming and stratospheric cooling. A 
comparison of Figures 1c and 1b reveals that there is no 
change in the trend patterns except between 16 and 19 km. 
Thus, it appears that removing the seasonal dependence of 
the QBO and ENSO is important not only for the regression 
fits but also for the precise estimation of the temperature 
trends; otherwise the results will be contaminated with a 
large residual associated with the seasonality in the QBO and 
ENSO. We then applied method-2 while taking into account 
the AOD along with the QBO and ENSO, and estimated the 
temperature trends as shown in Figure 1d. Figure 1d also 
shows overall warming in the troposphere up to about 15 to 
16 km and cooling in the stratosphere. The temperature trend 
pattern between 16 and 19 km, as evident from Figures 1a to 
1c, changed significantly on removing the AOD.  
 
4. Summary 
  The distinct stronger warming trend (0.5-0.8 K/decade) in 
the TTL between 16 and 19 km reported earlier and in the 
current study using method-1 is observed to be partly due to 
seasonality in the QBO and ENSO and partly due to the 
minor volcanic eruptions during the first decade of the 21st 
century. Removing them using method-2 results in an 
insignificant temperature trend due to anthropogenic climate 
change in the TTL between 16 and 19 km during 2001-2010. 
A positive and significant AOD temperature response of 
about 0.1-0.2 K is observed in the TTL between 16 and 19 
km during 2001-2010, which explains about 5% to 15% of 
the total variability. 
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